We have developed microscopic models for nucleon induced inelastic scattering and one-step direct preequilibrium emission. These models are based on reliable effective in-medium two-body interactions and a microscopic description of the ground and excited states of target nuclei. No arbitrary renormalization process enters our analyzes and the predictions are directly compared to experimental data. The nuclear structure information are obtained in the Random Phase Approximation (RPA) framework with the Gogny force, which provides accurate descriptions of spherical nuclei without pairing. For medium energy (50-200 MeV) proton induced reactions, this approach gives very good predictions for direct inelastic scattering and for the first-step in direct preequilibrium emission. The one-step preequilibrium model has also been extended to fast neutron scattering (10-20 MeV) for the 90 Zr target described with RPA theory, and for axially deformed nuclei with a simpler description of the excited states (i.e. particle-hole excitations). Predictions of the reaction model reproduce well experimental data for 90 Zr. For deformed targets ( 232 Th and 238 U), our calculations underestimate the data at high emission energy. The cross section missing for both actinides may stem from the excitation of vibrational states with excitation energies lower than 5 MeV which are not described with incoherent particle-hole excitations. This defect might be cured if the target spectra are described within the Quasi-particle-RPA (QRPA) theory recently implemented with the Gogny force.
Introduction
The double-differential nucleon emission following medium energy nucleon induced reactions on a target in its ground state can be accounted for considering mainly three different reaction processes, namely direct process, which includes elastic scattering and inelastic scattering to discrete states, preequilibrium emission, and formation of and evaporation from a compound nucleus. One has also to consider evaporation from fission fragments if the target is a fissionable nucleus. Numerous phenomenological models exist to describe these processes. These models generally contain one or several parameters adjusted to reproduce experimental data. In contrast, microscopic models are under development to reduce the part of phenomenology in the treatment of all reaction mechanisms, from direct reactions to fission. In this work, we focus on progress in microscopic models for inelastic scattering to discrete states and preequilibrium emission in intermediate energy nucleon induced reactions.
We present quantum mechanical calculations of inelastic scattering and first order approximation to the preequilibrium multistep direct process (MSD), namely the onestep process [1] . Our model is based on: i) a reliable twobody effective force, to represent the residual NN interaca e-mail: marc.dupuis@cea.fr tion between incident nucleon and target nucleons during an inelastic process, and ii) a microscopic description of the target states. For closed or near-closed-shell nuclei, the Self-Consistent Random Phase Approximation (SCRPA) with the Gogny D1S interaction [2] is used to obtain the structure information, including a good description of collective states which play an important role in both direct inelastic and preequilibrium reactions. For axially deformed nuclei, a Hartree-Fock+BCS model with a Skyrme interaction serves to define the structure information used in our one-step calculations. The present models for both inelastic scattering and preequilibrium emission do not contain any adjustable parameters, so the results can directly be compared with the data. A recent extension of the RPA theory to deformed nuclei (i.e. QRPA), as implemented with the Gogny force, provides spectroscopic information to high excitation energy. Results obtained for 238 U are briefly discussed. Such QRPA calculations will serve as a guide to improve reliability of present reaction models for deformed nuclei.
EPJ Web of Conferences the distorted wave approximation (DWA) expression for the transition amplitude
associated with excitation |n of the target originally in its ground state |0 . The incoming χ + (k i ) and outgoing χ − (k f ) distorted waves were obtained by solving the onebody Schrödinger equation describing elastic scattering. That involved the non-local, g-folding optical potentials [4] formed using the target state structure (one body density matrix) described within the SCRPA/D1S framework for doubly-closed shell nuclei [3] . The effective interaction used in g-folding is the Melbourne g-matrix (solution of the Brueckner-Bethe-Goldstone equations [4] ) which includes central, tensor and spin-orbit components that are all complex, energy and density dependent. The optical potential so formed is thus complex and energy dependent. The residual interactionV eff for generating transitions, Eq. (1), is also the Melbourne g-matrix. In the RPA theory an excited state |n = |N JΠ M of multipolarity J, Π and spin projection M, is written as a one quasi-boson excitation of the correlated ground state |0 , namely
The different quantities and operators in this equation are defined in [3] . Detailed description on the SCRPA calculations with Gogny force are given in [5] . We only remind that the operator A + (ph) (A(ph)) creates (annihilates) a particle-hole pair on the correlated ground state. Separate structure calculations have also been performed using a single particle-hole excitation on the uncorrelated HartreeFock (HF) ground state |HF
where |− is the particle vacuum, to asses the role of collectivity in preequilibrium reactions (see Sec. 3). The fully antisymmetric formulation of the transition amplitude with the different components of the Melbourne g-matrix involves different combinations of the one body density matrix elements which cannot simply reduce to local matter transition densities [6] . Thus the structure information that enters the DWA matrix elements are the full one body density matrices, namely all the X and Y components in Eq. (2 Fig.1(a,b) We depict in Fig.1 (c) the same comparison extended to the first 3 − excitation in the other doubly-closed-shell nuclei 16 O and 40,48 Ca as well as neutron or proton closedshell nuclei 90 Zr and 116 Sn, respectively. The overall agreement between calculations and data is still very good. The good results obtained for 90 Zr and 116 Sn described in the RPA framework, which neglects the pairing correlations, is surprising especially for 116 Sn where these are strong. Thus, new studies based on the more appropriate QRPA theory should be performed to reach deeper understanding of these features.
One-step direct preequilibrium emission from spherical targets
The quantum preequilibrium model for MSD process is well established and details of the theory can be found in [1, 7] . We are content to give the expression of the double-differential cross section corresponding to the onestep emission in the interval
where T (1) F←0 is the first order transition amplitude. The sum over F accounts for all the excitations in the target which satisfy energy conservation, and the amplitude T For proton scattering, we use the Melbourne g-matrix to built the optical potentials which provide the distorted waves and to calculate the transition amplitudes. We show in Fig.2 comparisons between experimental data and onestep calculations with RPA solutions (full curves) for inelastic scattering of 120 MeV protons off 90 Zr. Figs.2(a,b) display the angular spectra of protons emitted at: (a) Θ =35
• for 20-120 MeV and, (b) Θ =45
• for 100-120 MeV. Above 80 MeV of secondary energy, our predictions reproduce the data well. At lower energy calculations underestimate the data, which points to the need for 11001-p.2 CNR*09 including second and higher order processes. In Figs.2(c) and (d) proton angular distributions are displayed at 110 and 100 MeV, respectively. Our calculations reproduce the data well at all angles. We note that at lower energy (not shown), the calculations underestimate data at backward angles since contributions from other reaction processes should be considered as well.
To emphasize the importance of a full RPA description of the target spectra, we performed the same preequilibrium calculation using particle-hole excitations of the HF/D1S ground state. With particle-hole excitations we underestimate the data for an emission energy above 105 MeV and Θ 70
• (dashed lines on Fig.2(b) and Fig.2(c) , respectively). The differences between continuous and dashed curves come from the collectivity of the RPA excitations which gets lost in the particle-hole excitation picture. Indeed, for a specific excitation in the target, the inelastic cross section magnitude closely follows that for the reduced transition probability, which is much larger for collective excitations. This demonstrates that, at least, a full RPA description of all target states in closed shell nuclei is suitable to account well for the first step emission process.
For lower incident energies, in particular for 14-18 MeV neutrons, the above calculations are no longer valid because: i) the g-matrix interaction needs renormalization [9] which implies having recourse to phenomenological potentials, and ii) reactions processes other than one-step direct need be considered. Consequently, we will use the Koning-Delaroche potential [10] to generate the distorted waves. For the same reasons, using Melbourne g-matrix for the effective interaction in the transition amplitudes might not be appropriate. This is why we have tested other effective forces, namely density dependent M3Y [11] interactions and the Gogny D1S force. We show in Fig.3 com- 
11001-p.3
EPJ Web of Conferences parisons of the calculated double-differential cross sections with experimental data [12] for neutron scattering off 90 Zr. Results obtained with the CDM3Y3 (full curves), Melbourne (dashed curves) and D1S (dotted curves) interactions are compared in Figs.3(a,c,d ) for 18 MeV incident neutrons. The main difference among these calculations is for the magnitude of both spectrum and angular distributions, while the angular shapes remain similar. This comparison provides us a measure of the uncertainty on predictions as due to the approximate knowledge of residual interactions. This uncertainty could be as large as 25%. Next, for 14.5 MeV neutrons, we show in Fig.3(b) a comparison between double-differential cross sections for which transition amplitudes are obtained using either RPA (full curve) or particle-hole (dashed curve) wave functions. There, the CDM3Y3 interaction was used as residual interaction forV eff , Eq.(1). Calculations with particle-hole excitations are significantly lower than those obtained with RPA solutions for an energy transfer up to 11 MeV. Like observed for the 120 MeV proton scattering analysis, this difference illustrates effects of collectivity contents in the 90 Zr spectrum. In general, the calculated cross sections (full curves in Fig.3 ) are in qualitative agreement with the experimental data for both emission spectra and angular distributions. The 25% uncertainty estimation discussed above does not close this specific discussion because we are also well aware of that these calculations have been performed using the ansatz of local potentials for the distorted waves, which ignores non-locality effects.
One-step direct preequilibrium emission from deformed targets
The structure properties of axially deformed nuclei are defined as follows. In the intrinsic system of coordinates, the axially deformed single particle (s.p.) levels (i.e. Nilsson levels) are calculated in the HF+BCS scheme implemented with the Skyrme force SkM * [19] . Any s.p. state |kΩ k is calculated as
where the set {n z n ⊥ ΛΣ} is for quantum numbers of harmonic oscillator (HO) basis states |n z n ⊥ ΛΣ in cylindrical coordinates. The |kΩ k levels are eigen functions of the total angular momentum projection on the symmetry axis. In this representation, particle-hole excitations are built as
where v 2 p and v 2 h are occupancies for particle ( p) and hole (h) states, respectively, and where a + p and a h are creation and annihilation operators, respectively, acting on the HF ground state |ϕ 0 . Next, the deformed HO basis is transformed into a spherical HO basis to express the ket |kΩ k into a spherical representation, that is
where we have introduced the spherical components |kl jΩ k = b + kl jΩ k |− of the s.p. state |kΩ k . More details can be found in [16] . Finally, for our preequilibrium calculations, we adopt the following approximation for physical states
(8) This approximation is crude in that the projection on angular momentum is not handled properly. Another approximation we have resorted to consisted in taking local spherical potentials for calculating incoming and outgoing distorted waves.
We display in Fig.4 a comparison between experimental data [17, 18] and the double-differential cross sections calculated at the outgoing angles Θ = 30
• and 90
• for 14.1 MeV and 18 MeV neutrons incident on 238 U and 232 Th, respectively. These calculations (full curves) were performed with CDM3Y3 as the effective interactionV eff , Eq.(1). The other curves (defined by various symbols in the plots) represent the contributions of elastic scattering, multistep compound (MSC), evaporation and fission processes (see [20] ) for more details), and the sum of all contributions. For 238 U our calculations 1 reproduce the data well CNR*09
for Θ = 30
• , (a), and 90
• , (c), and for an emission energy up to ∼9 MeV. These calculations underestimate the experimental cross sections at higher emission energy, that is for an excitation energy in the target in the range 0 to ∼5 MeV. The analysis for the 18 MeV neutron scattering from 232 Th displayed in Figs.4(b,d) leads to similar conclusions. In that case data are underestimated above ∼13 MeV, that is for an excitation energy in the range 0 to 5 MeV.
Understanding why calculated cross sections are low in the 0-5 MeV excitation energy range is a long-standing issue that so far has not been fixed in a satisfactory manner. For instance, in a more phenomenological calculation which also used particle-hole excitations, Kawano et al [20] already predicted cross sections which underestimated the 238 U data for excitations in the target below 5 MeV. Ad hoc collective states, which are not described in the simple particle-hole excitation picture, were introduced as candidates to explain the missing cross section [22] . A different microscopic approach was used in [23, 24] where QRPA response functions were used to generate the one-step cross sections. However, this calculation was performed with phenomenological ingredients, namely an adjusted deformed Wood-Saxon potential which defined the s.p. level scheme, and a separable residual interaction with a coupling constant treated as an empirical parameter.
As the issue is related to that of missing collective strengths which have not been identified (typically above 1.4 MeV) in spectroscopy measurements, we have decided to rely upon a microscopic structure model, namely QRPA as recently implemented with the Gogny force [26] . With this theory, we expect to learn about collectivity of 2 + , 3 − and 4 + levels up to 10 MeV of excitation energy. This is especially relevant to the KΠ = 3 − octupole strength which so far has escaped experimental identification. Such QRPA calculation may also shed some light as to whether this strength is highly fragmented. Preliminary results for 238 U have been obtained with QRPA/D1S calculations in a two quasi-particles space truncated at 65 MeV. We display in Fig.5 the calculated reduced charge transition probabilities for quadrupole and octupole excitations. Note that calculations with no truncation [27] are under progress to obtain fully converged values but the present results already provide good estimates for the response functions. As seen in Fig.5 , the octupole response function is mainly concentrated below 6 MeV. The quadrupole response function displays large components above 10 MeV but some strength is also concentrated below 5 MeV. These components of the response functions are expected to lead to large calculated neutron cross sections wherever needed to improve our description of the spectra showed in Fig.4 .
Conclusions
Summarizing, fully microscopic parameter-free models were used to study medium energy (10-200 MeV) nucleon induced reactions.
Differential cross sections for inelastic scattering of intermediate energy protons off singly-and doubly-closedshell nuclei have been predicted for excited states of di- verse nature. The Melbourne g-matrix was used as the effective in-medium NN interaction, and the density matrices required in the scattering calculations (elastic and inelastic) were obtained from RPA model calculations made using the D1S Gogny force. Excellent agreement with 208 Pb cross section data has been obtained for proton inelastic scattering leading to different final states and for a number of incident energies from 54 to 201 MeV. Very good predictions were also obtained for the 3 This model was extended beyond discrete excitations, into the continuum, to analyze the preequilibrium emission associated with incoming nucleons. The Melbourne g-matrix and the RPA/D1S theory were also used to calculate all the transition amplitudes for the first order of the preequilibrium MSD process. The one-step cross sections were calculated for intermediate energy proton scattering off 90 Zr and our predictions reproduce the data very well. This goal has been achieved only with microscopic ingredients, and no phenomenological input or arbitrary renormalization process enters our analyzes. We have extended this preequilibrium calculation at lower energy to study neutron induced reactions below 20 MeV on 90 Zr. Other effective interactions than the Melbourne g-matrix were used in this analysis. The predicted neutron spectra and angular distributions are in rather good agreement with the data. The approximate knowledge of some of the model ingredients leads to uncertainties on the absolute normalization of the predicted cross sections. An improvement could be introducing an accurate microscopic optical potential for neutron below 20 MeV instead of a local phenomenological potential. Such potentials are being built [9] to correct the g-matrix at low energy. In proton and neutron scattering off 90 Zr analyzes, a comparison between calculations performed with RPA excitations and with incoherent particlehole excitations of the HF mean field demonstrates that a good description of the collectivity content of the target nucleus is crucial to achieve a good understanding of the one-step direct preequilibrium emission.
We have also performed a microscopic calculation of the one-step direct cross sections for neutron scattering off 238 U and 232 Th below 20 MeV. In that case, the spectrum of the target is described in an approximate way by incoherent particle-hole excitation of the deformed HartreeFock+BCS mean field. The results are in rather good agreement with the experimental data for an excitation in the target above ∼5 MeV. However our calculations underestimate the data at high emission energy. The missing cross section probably arises from excitation of low energy vibrational states which are not described with incoherent particle-hole excitations. New self-consistent QRPA/D1S calculations may help curing this discrepancy. A direct extension of our model will be to take into account all the excitations and transition strengths predicted by the QRPA method.
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